npr-9 encodes a homologue of the gastrin-releasing peptide receptor (GRPR) and is expressed in AIB interneurons. In this study, we investigated the role of NPR-9 in the neuronal control of innate immunity using the model system Caenorhabditis elegans. After exposure to Pseudomonas aeruginosa PA14, npr-9(tm1652) mutants showed resistance to infection, decreased PA14 colonization and increased expression of immunity-related genes. Nematodes overexpressing NPR-9 exhibited increased susceptibility to infection, increased PA14 colonization and reduced expression of immunity-related genes. In nematodes, ChR2-mediated AIB interneuron activation strengthened the innate immune response and decreased PA14 colonization. Overexpression of NPR-9 suppressed the innate immune response and increased PA14 colonization in nematodes with the activation of AIB interneurons mediated by ChR2 or by expressing pkc-1(gf) in AIB interneurons. We, therefore, hypothesize that NPR-9 regulates the innate immune response by antagonizing the activity of AIB interneurons. Furthermore, expression of GRPR, the human homologue of NPR-9, could largely mimic NPR-9 function by regulating innate immunity in nematodes. Our results provide insight into the pivotal role of interneurons in controlling innate immunity and the complex biological functions of GRPRs.
INTRODUCTION
Caenorhabditis elegans can be used to identify both virulencerelated microbial genes and immune-based host genes. 1, 2 In C. elegans, both genetic and functional genomic approaches have defined several molecular determinants of pathogen resistance. Among these, some conserved signal transduction pathways are found to be required for pathogen resistance. The conserved signal transduction pathways, at minimum, include p38 MAP kinase, Toll-like, insulin, transforming growth factor-β (TGF-β), Wnt/Hox and unfolded protein response signalling pathways. [3] [4] [5] [6] [7] [8] [9] [10] [11] Studies in C. elegans can provide useful evolutionary and mechanistic insights into signal transduction and the physiology of innate immunity. 12 Much is already known about the immune defence mechanisms in the intestinal epithelium of C. elegans, an essential line of defence against ingested pathogens. 13 Recent studies have identified several neuronal signalling pathways capable of regulating the innate immune response, including the neuroendocrine network, the TGF-β pathway and specific neurotransmitters. [5] [6] [14] [15] [16] [17] For example, exocytosis of neuropeptides from dense core vesicles suppressed innate immunity, 14 and serotonin released from ADF sensory neurons may target the DAF-16/FOXO-signalling pathway to modulate innate immunity. 6, 17 Moreover, it has been shown that sensory neurons of AQR, PQR and URX are required for the control of innate immunity, 18 implying that specific neuronal circuits may control the innate immune response in nematodes. 15 In C. elegans, there is evidence that G protein-coupled receptors (GPCRs) have an important role in the control of innate immunity. 18, 19 For example, NPR-1, expressed in AQR PQR, and URX sensory neurons, OCTR-1, expressed in ASH and ASI sensory neurons, and FSHR-1 have been shown to regulate the innate immune response. [19] [20] [21] In mammals, gastrin-releasing peptide receptor (GRPR) modulates numerous biological processes involved in metabolism, stress response, energy homeostasis, neurotransmission and behaviour. 22 In C. elegans, the GRPR homologue, NPR-9, is a galanin-like GPCR and expressed exclusively in AIB interneurons. 23 NPR-9 may potentially regulate multiple biological processes such as fat storage and local search behaviour in nematodes. 23 In the present study, we further investigated the neuronal control of innate immunity by NPR-9 and the underlying mechanisms of this regulation in C. elegans. Our findings not only aid our understanding of the neuronal basis of innate immunity in nematodes but will also aid our understanding the complex biological functions of GRPRs in animals and humans.
MATERIALS AND METHODS
C. elegans strains Some of the nematode strains used in the present study were obtained from the Caenorhabditis Genetics Center, which is funded by the NIH Office of Research Infrastructure Program (P40 OD010440). Nematodes were maintained on nematode growth medium (NGM) plates seeded with Escherichia coli OP50 at 20°C as described. 24 P. aeruginosa PA14 pathogenesis assay Age-synchronized populations of L4-larvae were prepared and exposed to the P. aeruginosa strain, PA14. PA14 was cultured in Luria broth, then seeded on killing plates containing modified NGM (0.35% instead of 0.25% peptone). PA14 was incubated for 24 h at 37°C, then for 24 h at 25°C. The infection was started by adding 60 animals to each plate at 25°C. Full-lawn PA14 killing plates were prepared. Given that npr-9 mutants are defective in local search behaviour, 23 we performed the infection of nematodes on full-lawn PA14 plates.
Behavioural analysis
The methods were performed as described previously. [25] [26] [27] Pharyngeal pumping was counted for 1 min under DIC optics using a Zeiss axioscope. Thirty nematodes were examined per treatment. Three replicates were performed. To assay mean defecation cycle length, individual animals were examined for a fixed number of cycles. A cycle period was defined as the interval between initiations of two successive posterior bodywall muscle contractions. Thirty nematodes were examined per treatment. Three replicates were performed. To assay brood size, the number of offspring at all stages beyond the egg stage was counted. Twenty nematodes were examined per treatment. Three replicates were performed. To further determine the fitness in C. elegans, the population growth assay was conducted as described. 28 The number of eggs, young larvae (L1-L3), L4 and adults were counted to evaluate the population size and composition of each plate. Twenty replicates were performed.
After PA14 infection for 24 h, locomotion behaviour was examined. Each nematode examined was transferred to an agar plate, atop 50 μl of K medium. After a 1-min recovery period, body bend was used to assess locomotion behaviour. A body bend was counted as a change in the direction of the part of the nematode corresponding to the posterior bulb of the pharynx along the y axis, assuming that nematode was travelling along the x axis. Twenty nematodes were examined per treatment. Three replicates were performed.
Lifespan assay
Lifespan assays were performed as described. 29 During PA14 infection, nematodes were scored as being either dead or live every 12 h. Animals were scored as dead if no response was detected after prodding with a platinum wire. The hermaphrodites were transferred daily at 20°C for the first 4 days of adulthood. For lifespan assays, graphs are representative of three trials. The survival curves were considered significantly different from the control when the P-values were o0.05. The lifespan data were statistically analysed using the log-rank test.
C. elegans bacterial colony-forming unit analysis After infecting animals with PA14 for 24 h, 6 replicates of 10 nematodes each were transferred to M9 solution containing 25 mM levamisole to paralyze nematodes and stop pharyngeal pumping. Nematodes were transferred to a NGM plate containing ampicillin (1 mg/ml) and gentamicin (1 mg/ml) for 15 min to eliminate P. aeruginosa that was stuck to the body of the animals. Nematodes were transferred to a new NGM plate containing ampicillin (1 mg/ml) and gentamicin (1 mg/ml) for 30 min to remove any residual P. aeruginosa. Nematodes were lysed with a motorized pestle, and the lysates were serially diluted in M9 solution and plated on LuriaBertani plates containing rifampicin (100 μg/ml) to select for PA14. After overnight incubation at 37°C, the colonies were counted to determine the colony-forming unit (CFU) per nematode.
Quantitative real-time PCR After PA14 infection for 24 h, total RNA was extracted using the RNeasy Mini Kit (Qiagen, Chatsworth, CA, USA). Total nematode RNA (~1 μg) was reverse-transcribed using a cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative reverse transcription-PCR (RT-PCR) was run at the optimized annealing temperature of 58°C. The relative quantification of targeted genes was calculated by comparing expression of the target gene to the reference, tba-1 gene, which encodes for tubulin. The final results were expressed as the relative expression ratio between the targeted gene and reference gene. The primers used for the target genes and reference, tba-1 gene are shown in Supplementary Table S1 . Three replicates were performed.
Construct of transgenes
To generate an entry vector carrying the npr-9 promoter sequence, the npr-9 promoter (1848 bp, PstI/BamHI) used for AIB-specific expression was amplified by PCR from C. elegans genomic DNA. The npr-9 promoter was then inserted into a pPD95_77 vector in the sense orientation. npr-9, pkc-1/ F57F5.5a1 or human GRPR complementary DNA (cDNA) was amplified by PCR, and verified by sequencing. The resulting cDNA was then inserted into the corresponding entry vector, behind the npr-9 promoter. To construct Pnpr-9-ChR2 for optical activation, the npr-9 promoter fragment was inserted into the HindIII/PstI site of the 95-75-ChR2 vector. Transgenic nematodes were generated as described by co-injecting test DNA at a concentration of 10-40 μg/ml and marker DNA (Pdop-1::rfp) at a concentration of 60 μg/ml, into the gonad of nematodes. 30 Optical genetic assay As optogenetic pharmacology is an important tool for the study of neuronal function, 31 we performed optogenetic manipulation of AIB interneurons to determine whether AIB interneurons directly regulate the innate immune response of nematodes to the P. aeruginosa strain, PA14. Channelrhodopsin-2 (ChR2), which is expressed in cells of certain organisms, enables light to control electrical excitability. 31 The npr-9 promoter was used for AIB-specific expression. Nematodes expressing ChR2 in AIB interneurons were grown on OP50-seeded NGM agar plates containing 50 μM of chromophore, all-trans retinal (ATR). Plates were seeded on day 0. Nematodes were transferred to OP50-seeded plates containing 50 μM of ATR on day 1, in the dark. Nematodes were transferred to PA14-seeded NGM plates containing 50 μM of ATR for 24 h from day 2. During the assay, whole-field illumination was performed, and ChR2 was excited by a round blue light, 9.5 cm in diameter, sourced from a LED array (460-470 nm, 0.5 mW/mm 2 ) constructed in a LED light source (Chenyufanli Trading Co. Ltd., Nanjing, China). Light intensity measured at the sample was 5 mW/mm 2 of 465 nm light. For optogenetic experiments, light intensity was monitored using an optical power metre (PM100, Thorlabs, Newton, NJ, USA). All work was carried out under low-illumination conditions to prevent the preactivation of ChR2-expressing neurons. Nematodes without ATR treatment served as the control population. Ten replicates were performed. Previous study has suggested that optogenetic activation of AIB interneurons would significantly affect reversal frequency in nematodes. 32 Activation of AIB interneurons was confirmed by the identification of a significant alteration in reversal frequency among nematodes.
RNA interference RNA interference (RNAi) was performed by feeding nematodes with E. coli strain HT115 (DE3) expressing double-stranded RNA that was homologous to the target gene as described. 33 E. coli HT115 (DE3) grown at 37°C, overnight, in LB broth containing ampicillin (100 μg/ml) was plated onto NGM containing ampicillin (100 μg/ml) and isopropyl 1-thio-β-Dgalactopyranoside (5 mM). L2 larvae were placed on RNAi plates for 2 days at 20°C until nematodes became gravid. Gravid adults were transferred to fresh RNAi-expressing bacterial lawns to lay eggs for 2 h to obtain the second generation of RNAi population. Eggs were then allowed to develop in young adults at 20°C for use in subsequent assays.
Statistical analysis
All data in this article were expressed as the mean ± s.d. Graphs were generated using Microsoft Excel (Microsoft Corp., Redmond, WA, USA). Statistical analysis was performed using SPSS 12.0 (SPSS Inc., Chicago, IL, USA). Differences between groups were determined using analysis of variance. Probability levels of 0.05 and 0.01 were considered statistically significant.
RESULTS
Mutation of npr-9 enhanced innate immunity in C. elegans In C. elegans, npr-9(tm1652) is a loss-of-function mutant. 23 npr-9(tm1652) showed a significant resistance to killing by the Pseudomonas aeruginosa strain PA14 (Figure 1a ). In addition to effects on lifespan, we also analysed the changes in locomotive behaviour using body bend as an endpoint. Following PA14 infection for 24 h, we observed a significant decrease in the body bend frequency among wild-type N2 nematodes; however, there was no discernible impact of PA14 infection on the frequency of body bend among npr-9(tm1652) mutants (Figure 1b) . We next quantified the PA14 CFU after transferring the infected nematodes to nonpathogenic E. coli OP50. Compared with the wild-type N2 animals, npr-9(tm1652) exhibited significantly decreased CFU (Figure 1c ), implying that the loss-of-function mutation of npr-9 gene may suppress PA14 colonization in the body of nematodes.
To assess the relative fitness of npr-9 mutants, we compared the lifespan of npr-9(tm1652) mutants with that in wild-type N2 animals. The lifespan of npr-9(tm1652) mutant worms was equivalent to that in wild-type N2 animals (Supplementary Figure S1a ). There were no differences in brood size, pumping rate or mean defecation cycle length between npr-9(tm1652) mutants and wild-type N2 animals (Supplementary Figures  S1b-d ). In addition, both wild-type N2 and npr-9(tm1652) mutants were inoculated with a similar number of OP50 E. coli (data not shown). Moreover, the npr-9(tm1652) mutants displayed a similar population growth of eggs, young larvae (L1-L3), L4 and adults to wild-type nematodes (Supplementary Figure S2) . Taken together, these data suggest that the increased resistance of the npr-9(tm1652) mutants to P. aeruginosa PA14 infection is not attributable to diminished fitness, defective egg-laying behaviour, impaired feeding or impaired defecation.
To examine whether the resistance of npr-9 mutants was due to an enhanced immune function, we measured the expression of four immunity-related genes (pqm-1, dod-22, F08G5.6 and F55G11.7) with antimicrobial activity in both wild-type N2 and npr-9(tm1652) mutants exposed to P. aeruginosa PA14 for 12 h (to measure the infection-induced expression). PA14 exposure has been shown to induce the expression of these antimicrobial genes in wild-type N2 nematodes. 14,34 After exposure to P. aeruginosa PA14, the expression levels of these antimicrobial genes were higher in npr-9(tm1652) mutants compared with wild-type N2 animals ( Figure 1d ). On plates fed with OP50, the expression levels of these antimicrobial genes in npr-9(tm1652) mutants were similar to those in wild-type N2 (Supplementary Figure S3) . These data suggest that the npr-9(tm1652) mutants have elevated immune competence, which may account for the enhanced resistance to both colonization and killing of P. aeruginosa PA14.
Regulation of innate immune response in C. elegans Y Yu et al NPR-9 activity in AIB interneurons contributed to the innate immune response of nematodes to P. aeruginosa PA14 To further explore the function of NPR-9 in regulating innate immunity, we used the endogenous npr-9 promoter to drive npr-9 gene expression in npr-9(tm1652) mutants. After exposure to P. aeruginosa PA14, npr-9(tm1652) mutants expressing npr-9 showed similar survival and locomotion behaviour as wild-type N2 animals (Figures 2a and b, Supplementary  Table S2 ). After infected nematodes were transferred to a lawn of nonpathogenic E. coli OP50, npr-9(tm1652) mutants expressing npr-9 gene exhibited a similar frequency of CFU as infected wild-type N2 animals ( Figure 2c ). Moreover, after exposure to P. aeruginosa PA14, expression patterns of the antimicrobial genes pqm-1, dod-22, F08G5.6 and F55G11.7 were similar between npr-9(tm1652) mutants expressing npr-9 and wild-type N2 animals ( Figure 2d ). Expression of these antimicrobial genes was also similar between npr-9(tm1652) mutants expressing npr-9 and wild-type N2 animals fed OP50 (Supplementary Figure S3) . Because NPR-9 is expressed exclusively in AIB interneurons, NPR-9 activity in AIB interneurons may modulate the innate immune response of nematodes exposed to P. aeruginosa PA14.
Optogenetic manipulations of AIB interneurons affected the innate immune response in nematodes
We found that ChR2-mediated activation of AIB interneurons enhanced the resistance of nematodes to P. aeruginosa PA14 (Figure 3a) . After exposure to P. aeruginosa PA14, nematodes with ChR2-mediated AIB interneuron activation exhibited significantly increased locomotion behaviour compared with wild-type N2 animals ( Figure 3a) .
After exposure to P. aeruginosa PA14, nematodes with ChR2-mediated AIB interneuron activation showed a significantly decreased frequency of CFU compared with wild-type N2 animals (Figure 3b ). Considering the fact that AIB interneurons may modulate the starvation response in nematodes, 35 we further examined the effect of ChR2-mediated AIB interneuron activation on PA14::GFP expression in the intestine of nematodes. ChR2-mediated AIB interneuron activation significantly inhibited the relative fluorescence intensity of PA14::GFP in the nematode intestine (Supplementary Figure S4) . These data suggest that optogenetic manipulations of AIB interneurons may influence the colonization of P. aeruginosa PA14 in nematodes.
Interestingly, after exposure to P. aeruginosa PA14, the four immunity-related genes examined (that is, pqm-1, F08G5.6, and F55G11.7) showed increased expression in nematodes with ChR2-mediated AIB interneuron activation when compared with wild-type N2 animals ( Figure 3c ). Control transgenic nematodes without ATR showed a similar pattern of expression as it pertains to immunity-related genes (Figure 3c ). Expression of these antimicrobial genes in nematodes with ChR2-mediated AIB interneuron activation, and control transgenic nematodes without ATR, was similar to that in wild-type N2 animals on plates fed with OP50 (Supplementary Figure S3) . Together these observations suggest that activation of AIB interneurons may regulate the innate immune response of nematodes to P. aeruginosa PA14.
In C. elegans, nematodes with ChR2-mediated AIB interneuron activation showed similar locomotion behaviour to wild-type N2 animals (Figure 3a) . Nematodes with ChR2-mediated AIB interneuron activation also displayed a similar brood size, pumping rate and mean defecation cycle length to that of wild-type N2 animals (Supplementary Figure S5) .
Nematodes overexpressing npr-9 were susceptible to infection by P. aeruginosa PA14 We next investigated the effects of npr-9 overexpression in AIB interneurons on innate immunity in nematodes. Overexpression of npr-9 in transgenic strains was confirmed by qRT-PCR (Supplementary Figure S6) . After exposure to P. aeruginosa PA14, nematodes overexpressing npr-9 in AIB interneurons showed significantly decreased lifespan or locomotion behaviour compared with wild-type N2 (Figures 4a and b , and Supplementary Table S3 ). After exposure to P. aeruginosa PA14, overexpression of npr-9 in AIB interneurons caused a significant increase in CFU in nematodes compared with wildtype N2 animals (Figure 4c ). Moreover, after exposure to P. aeruginosa PA14, nematodes overexpressing npr-9 in AIB interneurons exhibited decreased expression of several immunity-related genes (that is, pqm-1, dod-22, F08G5.6 and F55G11.7) compared with wild-type N2 animals (Figure 4d ), suggesting that NPR-9 may negatively regulate the innate immune response in nematodes. Nematodes overexpressing npr-9 in AIB interneurons showed similar patterns of expression for immunity-related genes as wild-type N2 animals fed with OP50 (Supplementary Figure S3) .
In C. elegans, overexpression of npr-9 in AIB interneurons did not significantly alter lifespan or locomotion behaviour (Figure 4b and Supplementary Figure S3a ). In addition, overexpression of npr-9 in AIB interneurons also did not significantly influence brood size, pumping rate or mean defecation cycle length (Supplementary Figures S3b-d) .
NPR-9 might regulate innate immunity by antagonizing the function of AIB interneurons The above observations indicate that NPR-9 and AIB interneurons have opposing functions in regulating innate immunity. We next determined whether NPR-9 regulates innate immunity by antagonizing the function of AIB interneurons in nematodes. npr-9 was expressed in AIB interneurons in nematodes with ChR2-mediated activation in AIB interneurons. Interestingly, after exposure to P. aeruginosa PA14, expression of npr-9 in AIB interneurons significantly suppressed locomotion behaviour of nematodes with ChR2-mediated activation in AIB interneurons (Figure 5a ), implying that NPR-9 may antagonize the functions of AIB interneurons to regulate the response of nematodes to P. aeruginosa PA14 infection. (a) Effects of npr-9 expression in AIB interneurons on the survival curve for npr-9(tm1652) mutants exposed to P. aeruginosa PA14. A statistical comparison of the survival plots indicates that survival of npr-9(tm1652)Ex(Pnpr-9-npr-9) animals was not significantly different from that of the wild-type, N2 strain (P = 0.9234). (b) Effects of npr-9 expression in AIB interneurons on body bend in npr-9 (tm1652) mutants exposed to P. aeruginosa PA14. (c) Effects of npr-9 expression in AIB interneurons on CFU formation in npr-9(tm1652) mutants exposed to P. aeruginosa PA14. (d) Effects of npr-9 expression in AIB interneurons on expression patterns of several immunityrelated genes in npr-9(tm1652) mutants exposed to P. aeruginosa PA14. Normalized expression is presented relative to wild-type expression. Bars represent mean ± s.d. **Po0.01 vs N2. CFU, colony-forming unit. The effects of npr-9 overexpression on innate immunity. (a) Effects of npr-9 overexpression on the survival curve of nematodes exposed to P. aeruginosa PA14. A statistical comparison of the survival plots indicates that survival of nematodes overexpressing NPR-9 was significantly different from that of the wild-type N2 strain (Po0.0001). (b) Effects of npr-9 overexpression on body bend in nematodes exposed to P. aeruginosa PA14. Bars represent the mean ± s.d. **Po0.01 vs N2. (c) Effects of npr-9 overexpression on CFU in nematodes exposed to P. aeruginosa PA14. Bars represent the mean ± s.d. **Po0.01 vs N2. (d) Effects of npr-9 overexpression on expression patterns immunity-related genes in nematodes exposed to P. aeruginosa PA14. Normalized expression is presented relative to wild-type expression. Bars represent the mean ± s.d. CFU, colony-forming unit.
We further observed that, after exposure to P. aeruginosa PA14, expression of npr-9 in AIB interneurons significantly increased the frequency of CFU in nematodes with ChR2-mediated activation in AIB interneurons (Figure 5b ). This observation suggests that NPR-9 may also antagonize the functions of AIB interneurons in the process of regulating colonization of P. aeruginosa PA14 in nematodes.
In addition, after exposure to P. aeruginosa PA14, expression of NPR-9 in AIB interneurons induced similar patterns of expression of immunity-related genes (pqm-1, dod-22, F08G5.6 and F55F11.7) in nematodes with ChR2-mediated activation of AIB interneurons as it did in wild-type N2 animals ( Figure 5c ). In contrast, after exposure to P. aeruginosa PA14, expression patterns of these immunity-related genes in the transgenic strain, Is(Pnpr-9-ChR2);Ex(Pnpr-9-npr-9), in the absence of optogenetic manipulation, were similar to those in nematodes overexpressing npr-9 (data not shown). Transgenic strains of Ex(Pnpr-9-npr-9), exhibiting AIB interneuron activation, had similar patterns of expression for immunity-related genes as wild-type N2 animals fed with OP50 (Supplementary Figure S3) . Taken together, our data are consistent with the hypothesis that NPR-9 may regulate the innate immune response in nematodes exposed to P. aeruginosa PA14 in part by antagonizing the functions of AIB interneurons.
NPR-9 influenced the innate immune response in nematodes expressing pkc-1(gf) in AIB interneurons upon infection with P. aeruginosa PA14 In C. elegans, synaptic transmission can be potentiated by expression of the active protein kinase C homologue (pkc-1(gf)). [36] [37] Activation of AIB interneurons, by expressing a constitutively active protein kinase C homologue (pkc-1(gf)), in nematodes resulted in a number of functional differences. Expression of pkc-1(gf) in AIB interneurons caused nematodes to become resistant to infection by P. aeruginosa PA14 (Figures 6a and b and Supplementary Table S4 ). After exposure to P. aeruginosa PA14, both the lifespan and body bend frequency in nematodes expressing pkc-1(gf) in AIB interneurons was significantly increased when compared with that of wild-type N2 animals (Figures 6a and b and Supplementary  Table S4 ). After exposure to P. aeruginosa PA14, nematodes expressing pkc-1(gf) in AIB interneurons also exhibited significantly reduced CFU formation and PA14::GFP expression in the intestine compared with that of wild-type N2 animals ( Figure 6c and Supplementary Figure S4) . Moreover, after exposure to P. aeruginosa PA14, we observed elevated expression of several immunity-related genes (pqm-1, dod-22, F08G5.6 and F55G11.7) in nematodes expressing pkc-1(gf) in AIB interneurons compared with that in wild-type N2 animals ( Figure 6d ). Nematodes expressing pkc-1(gf) in AIB interneurons showed similar patterns of expression for these immunity-related genes as wild-type N2 animals fed with OP50 (Supplementary Figure S3) . In C. elegans, expression of pkc-1(gf) in AIB interneurons did not significantly alter lifespan, brood size, pumping rate and mean defecation cycle length (Supplementary Figure S8) .
Again, we examined the effects of NPR-9 on the innate immune response of nematodes with synaptic activation in AIB interneurons by expressing pkc-1(gf) in the context of P. aeruginosa PA14 infection. After exposure to P. aeruginosa Figure 5 NPR-9 antagonized the function of AIB interneurons to regulate innate immunity. (a) Effects of npr-9 overexpression on body bend of nematodes with ChR2-mediated activation in AIB interneurons exposed to P. aeruginosa PA14. (b) Effects of npr-9 overexpression on CFU in nematodes with ChR2-mediated AIB interneuron activation exposed to P. aeruginosa PA14. (c) Effects of npr-9 overexpression on expression patterns for immunity-related genes in nematodes with ChR2-mediated activation of AIB interneurons exposed to P. aeruginosa PA14. Normalized expression is presented relative to wild-type expression. Bars represent the mean ± s.d. **Po0.01 vs N2 if not specially indicated. CFU, colony-forming unit. Table S4 ). In addition, after exposure to P. aeruginosa PA14, expression of NPR-9 significantly increased the frequency of CFU in nematodes expressing pkc-1(gf) in AIB interneurons (Figure 6c) . Expression of npr-9 resulted in similar patterns of expression for several immunity-related genes (that is, pqm-1, dod-22, F08G5.6 and F55G11.7) in nematodes expressing pkc-1 (gf) in AIB interneurons compared with wild-type N2 animals (Figure 6d) . The transgenic strain, Is(Pnpr-9-pkc-1);Ex(Pnpr-9-npr-9), also exhibited a similar patterns of expression for these immunity-related genes as wild-type N2 animals fed with OP50 (Supplementary Figure S3) . These results provide further evidence for an antagonistic role of NPR-9 in AIB interneurons as it pertains to the regulation of colonization of P. aeruginosa PA14 and in the nematode immune response.
The effects of human GRPR on the immune response of nematodes infected with of P. aeruginosa PA14 The human homologue of NPR-9, GRPR, which has been shown to regulate numerous biological processes. [22] [23] To examine potentially conserved functions between C. elegans NPR-9 and its human homologue, human GRPR was expressed in AIB interneurons in npr-9(tm1652) mutant nematodes. After exposure to P. aeruginosa PA14, npr-9 (tm1652) mutants expressing human GRPR exhibited a similar lifespan and body bend frequency as wild-type N2 animals (Figures 7a and b and Supplementary Table S5 ). Moreover, after exposure to P. aeruginosa PA14, npr-9(tm1652) mutants, expressing the human GRPR gene, showed a similar frequency of CFU as wild-type N2 animals (Figure 7c ). Furthermore, after exposure to P. aeruginosa PA14, npr-9(tm1652) mutants expressing human GRPR gene had a similar pattern of as patterns of several immunity-related genes (pqm-1, dod-22, Figure 6 NPR-9 inhibited the effects of a gain-of-function protein kinase C mutation, (pkc-1(gf)), on innate immunity in AIB interneurons. (a) Effects of npr-9 overexpression on the survival curve of nematodes exposed to P. aeruginosa PA14, expressing gain-of-function protein kinase C (pkc-1(gf)) mutations in their AIB interneurons. A statistical comparison of the survival plots indicates that survival of nematodes expressing gain-of-function, protein kinase C (pkc-1(gf)) mutations in AIB interneurons was significantly different from that of wild-type N2 animals (Po0.0001), whereas the survival plots indicate that the survival of Ex(Pnpr-9-pkc-1);Ex(Pnpr-9-npr-9) nematodes was not significantly different from that of wild-type N2 animals (P = 0.945). (b) Effects of npr-9 overexpression on body bend in nematodes exposed to P. aeruginosa PA14 and expressing gain-of-function protein kinase C (pkc-1(gf)) mutations in their AIB interneurons. Bars represent the mean ± s.d. **Po0.01 vs N2 (if not specially indicated). (c) Effects of npr-9 overexpression on CFU of nematodes expressing gain-of-function protein kinase C (pkc-1(gf)) mutations in AIB interneurons in animals exposed to P. aeruginosa PA14. Bars represent the mean ± s.d. **Po0.01 vs N2 if not specially indicated. (d) Effects of npr-9 overexpression on the expression patterns of immunity-related genes in nematodes expressing gain-of-function protein kinase C (pkc-1(gf)) mutations in AIB interneurons and exposed to P. aeruginosa PA14. Normalized expression is presented relative to wild-type expression. Bars represent the mean ± s.d. CFU, colonyforming unit.
K08G5.6 and F55G11.7) observed among wild-type N2 animals ( Figure 7d ). npr-9(tm1652) mutants expressing the human GRPR gene showed similar patterns of expression for immunity-related genes as wild-type N2 animals fed OP50 (Supplementary Figure S3) . These results suggest that the function of C. elegans NPR-9 in regulating innate immune response is at least, in part, conserved with the human homologue, GRPR.
Genetic interaction of npr-9 with daf-16, pmk-1 or dbl-1 in regulating innate immunity In C. elegans, the daf-16 gene encodes a FOXO transcription factor in the insulin signalling pathway, the pmk-1 gene encodes a MAPK in the p38 MAPK signalling pathway, and the dbl-1 gene encodes a TGF-β ligand in the TGF-β signalling pathway. Genetic interaction assays indicate that, after exposure to P. aeruginosa PA14, RNAi knockdown of daf-16 or pmk-1 resulted in reduced lifespan in npr-9(tm1652) mutants; however, RNAi knockdown of the dbl-1 gene did not significantly affect the lifespan in npr-9(tm1652) mutants (Supplementary Figure S9) .
DISCUSSION
In the present study, we provide several lines of evidence supporting a crucial role of NPR-9 in regulating innate immunity in C. elegans. First, npr-9(tm1652) mutants showed resistance to infection by P. aeruginosa PA14, as indicated by increased lifespan and locomotion behaviour (Figures 1a and b) . Second, the expression levels of several immunity-related genes were higher in npr-9(tm1652) mutants exposed to P. aeruginosa PA14 than in wild-type N2 nematodes exposed to P. aeruginosa PA14 (Figure 1d) . In contrast to the increased resistance phenotype of npr-9(tm1652) mutants, nematodes overexpressing npr-9 exhibited increased susceptibility to P. aeruginosa PA14 infection compared with wild-type animals, as indicated by their decreased lifespan and locomotion behaviour (Figures 4a and b and Supplementary Table S3 ) and the decreased expression of several immunity-related genes observed in P. aeruginosa PA14-exposed nematodes overexpressing NPR-9 (compared with those in P. aeruginosa PA14-exposed wild-type N2 animals; Figure 4d ). Third, NPR-9 regulated the colonization of P. aeruginosa PA14 in the intestine of nematodes. The npr-9(tm1652) mutants had a decreased frequency of CFU compared with wild-type N2 animals ( Figure 1c ). In contrast, nematodes overexpressing NPR-9 showed an increased frequency of CFU compared with wild-type N2 animals (Figure 4c) . Therefore, the GPCR, NPR-9, is required for the control of both the innate immune response and P. aeruginosa colonization in nematodes. Previous studies have suggested that NPR-9 is involved in the control of multiple biological processes including fat storage, local search behaviour and octopamine inhibition. 23, 38 Our study provides support for the complex biological functions of GRPRs. Effects of human GRPR on nematode innate immunity. (a) Effects of expressing human GRPR in AIB interneurons on the survival curve of npr-9(tm1652) mutant nematodes exposed to P. aeruginosa PA14. A statistical comparison of the survival plots indicates that survival of npr-9(tm1652) mutant nematodes expressing human GRPR in AIB interneurons was not significantly different from that of wild-type N2 animals (P = 0.948). (b) Effects of expressing human GRPR in AIB interneurons on body bend in npr-9(tm1652) mutant nematodes exposed to P. aeruginosa PA14. (c) Effects of expressing human GRPR in AIB interneurons on CFU of nematodes exposed to P. aeruginosa PA14. (d) Effects of expressing human GRPR in AIB interneurons on expression patterns of immunity-related genes in nematodes exposed to P. aeruginosa PA14. Normalized expression is presented relative to wild-type expression. Bars represent the mean ± s.d. **Po0.01 vs N2 if not specially indicated. CFU, colony-forming unit; GRPR, gastrin-releasing peptide receptor.
In nematodes, a subset of sensory neurons has been identified that have important roles in the control of innate immunity. For example, the nematode strains lacking AQR, PQR and URX sensory neurons showed increased survival in the presence of P. aeruginosa, indicating that AQR, PQR and URX neurons may suppress innate immunity. 18 In the current study, our data suggest that interneurons, such as AIB interneurons, can also participate in the regulation of innate immunity in nematodes. ChR2-mediated activation of AIB interneurons induced the resistance of nematodes to P. aeruginosa PA14 infection (Figure 3a) . In addition, after exposure to P. aeruginosa PA14, several immunity-related genes were induced in nematodes with ChR2-mediated AIB interneuron activation (Figure 3c) . Moreover, nematodes with ChR2-mediated AIB interneuron activation showed a decreased frequency of CFU (Figure 3b ), indicating that both sensory neurons and interneurons can participate in the control of innate immunity in nematodes. Because the previously identified sensory neurons, including AQR, PQR and URX, cannot form synaptic connections with AIB interneurons, 39 the detailed sensory inputs for AIB interneurons during the regulation of innate immunity in nematodes remain to be identified. nlp-5 and nlp-6 are prime candidate genes as they encode neuropeptides that are released and are capable of binding to NPR-9 in AIB interneurons in nematodes, 23, 40 which may provide some clues for the elucidation of the related neuronal circuit. Both nlp-5 and nlp-6 are expressed in ASI sensory neurons, and ASI sensory neurons can provide sensory inputs for AIB interneurons in nematodes. 23, 39 Our data further suggest that NPR-9 can participate in neuronal circuit(s) that integrate(s) the related input information to coordinate an appropriate immune response. After exposure to P. aeruginosa PA14, npr-9(tm1652) mutants expressing npr-9 in AIB interneurons showed a similar survival curve (Figure 2a and Supplementary Table S2) , locomotion behaviour (Figure 2b) , frequency of CFU (Figure 2c ) and expression pattern for several immunity-related genes (Figure 2d ) as wild-type N2 animals, suggesting that NPR-9 activity in AIB interneurons may contribute to the control of the innate immune response in nematodes exposed to P. aeruginosa PA14.
With respect to the underlying mechanisms by which NPR-9 regulates innate immunity, we hypothesize that NPR-9 may regulate the innate immune response by antagonizing the function of AIB interneurons. Expression of NPR-9 in AIB interneurons of nematodes exposed to P. aeruginosa PA14 suppressed lifespan, locomotion behaviour (Figures 5a and 6a, b and Supplementary Table S4), the frequency of CFU (Figures  5b and 6c) and expression of several immunity-related genes (Figures 5c and 6d ) in the context of either ChR2-mediated activation in AIB interneurons or pkc-1(gf) expression in AIB interneurons. These findings suggest that NPR-9 may antagonize the functions of AIB interneurons to regulate the innate immune response of nematodes upon infection by P. aeruginosa PA14.
In this study, we further showed that GRPR, the human homologue of C. elegans NPR-9, [22] [23] can largely mimic the function of NPR-9 to regulate innate immunity in nematodes. After exposure to P. aeruginosa PA14, npr-9(tm1652) mutants expressing the human GRPR gene showed a similar lifespan (Figure 7a and Supplementary Table S5) , locomotion behaviour (Figure 7b) , frequency of CFU (Figure 7c ) and induced expression of immunity-related genes (Figure 7d ) as wild-type N2 animals. In humans, mutations of GRPR are associated with the development of several diseases, including autism, 41 suggesting a 'double-edged sword' function for GRPR/NPR-9 during development. On one hand, mutations of GRPR/NPR-9 may contribute to the development of certain diseases; however, GRPR/NPR-9 mutation may also have beneficial effects in humans or animals by conferring resistance to pathogenic infection.
In C. elegans, the insulin signalling pathway, the p38 MAPK signalling pathway, and the TGF-β signalling pathway have important roles in regulating innate immunity. 3, [8] [9] Genetic interaction assays demonstrated that NPR-9 may genetically act through the functions of insulin and p38 MAPK signalling pathways to regulate innate immunity. One possibility is that NPR-9 may regulate innate immunity through insulin signalling or other unknown signalling mechanisms in neurons. Another possibility is that NPR-9 may regulate innate immunity through signalling pathways, such as the p38 MAPK signalling pathway, in the intestine.
In conclusion, our data suggest that the GRPR homologue, NPR-9, can regulate the immune response of nematodes to P. aeruginosa PA14 infection. NPR-9 expression, specifically in AIB interneurons, contributed to the control of innate immunity. In AIB interneurons, NPR-9 may antagonize the functions of AIB interneurons to regulate the immune response of nematodes infected with P. aeruginosa PA14. Our study implies that GRPR/NPR-9 is a key regulator of complex biological functions during development in both animals and humans.
